CRISPR/Cas technologies have transformed our ability to add functionality to the genome by knockin of payload via homology-directed repair (HDR). However, a systematic and quantitative profiling of the knock-in integration landscape is still lacking. Here, we present a framework based on longread sequencing and an integrated computational pipeline (knock-knock) to analyze knock-in repair outcomes across a wide range of experimental parameters. Our data uncover complex repair profiles, with perfect HDR often accounting for a minority of payload integration events, and reveal markedly distinct mis-integration patterns between cell-types or forms of HDR templates used. Our analysis demonstrates that the two sides of a given double-strand break can be repaired by separate pathways and identifies a major role for sequence micro-homology in driving donor mis-integration. Altogether, our comprehensive framework paves the way for investigating repair mechanisms, monitoring accuracy, and optimizing the precision of genome engineering.
Introduction
donor ends into the genomic cut site or onto one another, leading to alleles with duplicated homology arms (Figures 1D and S1E) or with integration of multiple concatenated copies of insert sequences ( Figures 1E and S1F ). Ligation of reactive dsDNA ends into a genomic DSB is an expected phenomenon which has been leveraged by methods for profiling off-target sites of Cas9 gRNA cleavage 19 , and can lead to concatemerization when donor fragments react with one another 20, 21 .
Second, cells edited using long single-stranded donors (produced by reverse-transcription of an RNA intermediate using a thermo-stable group II reverse transcriptase 22 , see Material and Methods) showed the integration of truncated GFP payload sequences ( Figure 1F ). Finally, cells edited using plasmid HDR donor displayed a strong signature of integration of plasmid backbone sequence past homology arm boundaries ( Figures 1G and S1H) . Interestingly, high rates of backbone integration from plasmid donors have been previously reported in a systematic study of gene editing in human induced pluripotent stem cells (iPSCs) 7 , and in the genome of cattle engineered using plasmid HDR templates 23, 24 . Of note, knock-knock can also quantify a variety of additional editing outcomes including spurious integration of exogenous DNA sequences (such as rare integrations of E. coli genomic DNA presumably carried over from plasmid preparation, Figure S1G ) or longer range deletions 25 which often arise at micro-homology overlaps ( Figure S1I ). Altogether our initial analysis -enabled by knock-knock -highlighted a broad complexity of mis-integration profiles in CRISPR knock-in experiments, with different signatures between donor types.
Deep profiling of repair profiles across donor-and cell-types. Our initial results motivated a more systematic characterization of integration outcomes across a wide range of experimental conditions (size of insert, locus, donor-type and cell-type). We chose electroporation of pre-complexed S. pyogenes Cas9/gRNA complexes as a delivery system given its prevalence, breadth of implementation and lower off-target activity 26, 27 . To encompass a maximal diversity of donor types, we sought to profile integration of both small (<100 nt) and large (~1 kb) payloads because payload size typically informs the type of donor used as template for HDR: small payloads usually involve synthetic single-stranded oligonucleotide donors (ssODNs, commercially available under 200nt) while gene-sized integrations often use plasmid or PCR-generated double-stranded donors (dsDNA) 5, 7, 14, 28 . To take advantage of fluorescent readouts to monitor HDR efficiency, we leveraged the GFP11 split-GFP system 6 for small payload integration (90nt payload, 55 nt homology arms), while using the full-length super folder GFP (sfGFP) for gene-sized insertions (~700nt payload, ~150-600nt homology arms which we show supply sufficient homology to drive efficient knock-in, Suppl. Figure 2A ). Finally, because DNA repair is known to vary between cell types 29 , we sought to compare integration profiles in both transformed (HEK293T) and non-transformed (human iPSCs, mouse embryonic stem cells -mESCs) cell lines.
In HEK293T, we took advantage of cell-cycle synchronization with nocodazole treatment to promote HDR 26 .
We first examined GFP11 integration in HEK293T and iPSCs with ssODN, PCR and plasmid donors, measuring integration efficiency by fluorescence flow cytometry. Across conditions, the amount of donor deliverable into cells is inherently limited by synthesis yield (eg. PCR or plasmid preparation) and toxicity with the exception of synthetic ssODNs, which are readily available in large amounts and exhibit very low toxicity 5 . At equimolar amounts, we found that PCR donors enabled highest GFP11 integration in 4 loci tested (Figure 2A ). ssODN performance could be significantly improved by increasing the quantity of donor delivered, making ssODN the most efficient form of donors for small insertions (Figure 2A ). Because single-stranded and PCR donors showed the best performance overall, we further compared their behavior for integration of the large sfGFP payload.
While both donor types could drive efficient integration, PCR donors consistently displayed the highest efficiency across cell-types and loci ( Figure 2B ).
On the basis of these efficiency readouts, we focused on single-stranded and PCR donors for further profiling of integration outcomes by SMRT amplicon deep sequencing and knock-knock analysis. To facilitate phenotypic description, we classified these outcomes into 5 functional categories (Suppl. Figure 2B ): "HDR" alleles, the expected HDR products; "blunt" alleles, which contain the direct ligation of donor ends on at least one side of the genomic DSB; "concatemer" alleles, which show insertion of multiple donor sequences ligated together; "incomplete" alleles, which display a correct HDR junction for only one of the two homology arms (excluding any "blunt" ligations on the other arm, which are classified above); and "complex" alleles, which do not fall into any of the previous categories. To capture the complete diversity of integration events, we profiled genotypes from the entire gene-edited pool without any selection (i.e., without fluorescent cell sorting). In HEK293T and iPSC we profiled two loci for each donor type.
Three main conclusions stand out from the detailed analysis of all experimental conditions, which is shown in Suppl. Figures 2C-D . First, the landscape of integration in CRISPR knock-in experiments is complex: perfect HDR represents only a minority of integration events in most cases ( Figure 2C ) and different mis-integration profiles are observed between conditions ( Figure 2D ). ssODN donors in iPSCs (small payload integration) are an exception, with >75% of integration events being HDR ( Figure 2C ). Highlighting the complexity we uncovered, ssDNA donors performed conversely very poorly for large payload integration in iPSCs (<20% perfect HDR, Figure 2C ), revealing that payload size might affect integration outcomes. Second, cell types can behave differently within the same set of conditions. For example, the high HDR specificity of ssODN-mediated integration seen in iPSC is not observed in HEK293T, even for the same gene (CLTA). Third, while clear patterns are hard to delineate from the heterogeneity of the profiles, two signatures differentiate ssDNA from PCR donors: PCR donors have a propensity to cause blunt or concatemeric integrations, while the profiles from ssDNA donors are dominated by incomplete integrations ( Figure 2D ). Note that in HEK293T we verified that the complexity integration profiles we observe did not originate from cell-cycle synchronization (Suppl. Figure 2E ). Overall, our systematic analysis reveals a broad diversity of repair outcomes in CRISPR knock-in experiments and the association of distinct repair profiles with cell type and donor class.
Mechanistic insights into non-HDR integrations.
Next, we sought to understand the underlying mechanisms driving each particular class of non-HDR events (subsequently referred to as "misintegration"). With PCR donors, one mechanism is apparent from the high rate of blunt and concatemer integrations we observed: an NHEJ-like ligation of donor molecules into genomics DSBs (or ligation of donors onto themselves, for concatemer reads). Interestingly, this is a major misintegration mechanism for small payload in both HEK293T and iPSC, and for large payload in HEK293T. By contrast, this is not very prevalent for large payload mis-integration in iPSC or mESC (Suppl. Figure 2D ), highlighting again differences in DNA repair profiles between cell lines and donor types. From such NHEJ-based mechanisms, a testable hypothesis is that modifications of the donor 5' ends to protect reactive hydroxyl groups should mitigate mis-integration. Focusing on the small GFP11 payload, we designed two forms of 5' modified PCR donors ( Figure 3A ): a version with bulky biotin molecules, and a "hybrid" design containing artificial single-stranded ends isolated by a PEG linker (seeking to take advantage of the fact that ssDNA donors give rise to negligible levels of blunt ligations, see Suppl. Figure 2C ). As expected, 5' modifications significantly decreased ligation-based mis-integration in both HEK293T and iPSC ( Figure 3B ) and increased the relative levels of correct HDR compared to total integration events (Suppl. Figure 3) . Altogether, 5' end modifications are a useful strategy to decrease ligation-based mis-integration of PCR donors (which has been leveraged previously for genome editing in medaka fish 20 ) but fail to completely resolve mis-integration events.
Another prevalent hallmark of mis-integration is that a large number of these events display a
proper HDR junction at one of the two homology arms, while repair at the other homology arm resolves through a non-HDR mechanism ("asymmetric HDR", Figure 4A and Suppl. Figure 4A ). Such asymmetric HDR has been observed before 14, 15, 30 but has never been quantified across a wide range of conditions. Asymmetric HDR tends to be more pronounced with ssDNA donors (50-80% of total integration events depending on specific conditions used) than with PCR donors (25-50%) ( Figure   4A , Suppl. Fig. 4A ). With ssDNA donors, HDR asymmetry displays a strong directionality with respect to the 5' to 3' direction of the donor itself. We defined a directionality factor as: [fraction of asymmetric HDR reads that have a non-HDR junction oriented on the 3' side of the donor] -[fraction of asymmetric HDR reads that have a non-HDR junction oriented on the 5' side of the donor]. For ssDNA donors, asymmetric HDR was dominated by reads showing imprecise junction on the 5' side (directionality around +1.00, Figure 4B ). By comparison, asymmetric HDR did not have a specific directionality for PCR donors overall ( Figure 4B , "direction" of PCR donors was defined based on the corresponding ssDNA conditions). The directionality we observe for ssDNA donors can be understood in the context of the synthesis-dependent strand-annealing model that has been proposed for ssDNA-mediated repair 14 , where the 3' end of ssDNA donors must first anneal to single-stranded genomic sequences that are left exposed after DSB resection ( Figure 4C ). This results in a correct HDR junction at the 3' side of the donor, while repair can be resolved in a non-HDR fashion at the other end of the DSB ( Figure 4C ). With PCR donors, both donor strands can act independently and have an equal chance of engaging DNA repair, leading to an overall loss of directionality.
Given the prevalence of HDR asymmetry, we sought to characterize the mechanisms by which repair is resolved at the "non-HDR" homology arm junction. Because direct 5' end ligation could only explain a fraction of such asymmetric events (Suppl. Figure 4B ), we further examined other DNA repair mechanisms. Strikingly, we discovered a major role for microhomology in driving non-HDR junctions in asymmetric reads. Across conditions, such junctions often occurred at sequence locations where donors and genome shared microhomology (Suppl. Figure 4C ) and the length of microhomology at observed junctions was significantly higher than expected by chance across experimental conditions ( Figure 4D ). We reasoned that since microhomology is solely dictated by sequence details at a given locus, patterns of microhomology-driven mis-integration should be very reproducible within a given experimental condition (locus, payload, cell type). To test this, we analyzed mis-integration at two separate loci over 12 independent replicate experiments using GFP11 payload with ssODN donors in HEK293T cells. In this experimental setup, asymmetric mis-integration events can be fully captured within <600 bp amplicons which allow the use of MiSeq Illumina sequencing for profiling read architecture with higher fidelity and throughput than SMRT sequencing. This analysis revealed a remarkable reproducibility of mis-integration profiles across replicates ( Figure 4E ), confirming the prevalence of sequence microhomology in dictating asymmetric repair. Similar results were obtained in iPSC (Suppl. Figure 4D ). Finally, we verified that these integration patterns did not originate from truncated synthetic products of the ssODNs we used as donors. Indeed, gel-purified ssODN donors revealed similar repair profiles (Suppl. Figures 4E-G) , confirming that microhomology (and not artificial truncation of donors) is a major driving force behind incomplete integration.
Non-homologous integration of donors at off-target cut sites. Finally, we analyzed an undesirable by-product of knock-in: the possible integration of donor sequences at unintended locations in the genome, typically at off-target nuclease cutting sites 15, 31 . For this, we compared the propensity of single-stranded and PCR donors to integrate in a non-homologous fashion by designing experiments where the genome is cut concomitantly at two separate positions (ie. using two targeting gRNAs). Codelivery of donor containing homology to only one of the two cut sites creates a situation where the second site acts as an artificial "off-target" cut, allowing quantification of non-homologous integration by SMRT sequencing and knock-knock ( Figure 4A ). To correct for different Cas9 cutting efficiencies between conditions, off-target integrations were normalized for total editing at the corresponding site (ie. non-wt reads). We monitored integration of a GFP11 payload in HEK293T and iPSC at two different "off-target" loci (CLTA and BCAP31), and found that the propensity of non-homologous integration varied between the two cell types ( Figure 4B ). In particular, ssODN donors showed high level of non-homologous integration in HEK293T (~10%) but not in iPSC (~1.5%), mirroring the difference we observed for on-target integration. PCR donors showed more variable integration rates between the two loci tested. Interestingly, 5' modifications could significantly decrease off-target integration of PCR donors in both cell types, showing that 5' end capping might have a general benefit beyond promoting higher HDR rates.
Discussion
We present knock-knock, an open-source software package for characterizing and quantifying the full diversity of repair outcomes in CRISPR-based knock-in experiments. Applying knock-knock to knockin experiments performed across a broad range of experimental conditions uncovers a multi-faceted complexity of DNA repair outcomes. Strikingly, we observe that bona fide HDR represents only a fraction of integration events in the conditions we tested, with pronounced differences between cell types and donor types ( Figure 2D ). Interestingly, a majority of mis-integration events still contain a proper HDR junction at one of the two homology arms ( Figure 4A ), highlighting that both homologous and non-homologous mechanisms can compete for repair of the same allele 14, 30 . In line with previous studies 20, 21 , we show that NHEJ-based ligation is a major by-product of knock-in with linear dsDNA donors, which can be alleviated by chemical modifications of the DNA ends.
Importantly however, classical NHEJ is not the only repair mechanism competing with HDR for DSB resolution. Indeed, our results reveal a major contribution of microhomology-mediated repair in misintegration events that is especially pronounced with ssDNA donors. This underlines the broad importance of microhomology patterns in shaping DNA repair, as recent studies also unveiled a major role for microhomology in shaping in-del profiles in knock-out experiments [8] [9] [10] [11] [12] [13] . Notably, some knockin strategies leverage NHEJ or microhomology to integrate payload with minimal (or absent) homology arms 32-34 to overcome inherent limitations of HDR, in particular its requirement of active cell cycle progression. How precisely repair outcomes can be controlled in such strategies remains under-explored, but our profiling approach should facilitate their deeper characterization.
The main conclusion from our current results is that knock-in integration landscapes can be very heterogeneous and condition-dependent, and therefore need to be characterized more systematically. The recent debate surrounding the discovery of plasmid backbone sequences in the genome of engineered cattle 23, 24 (derived from mis-integration of an HDR donor template) also highlights the universal need for comprehensive genotyping post-editing. Most existing analytical procedures seek to assess editing conditions based on a limited set of heuristic variables (e.g. % GFP+ cells, digital PCR). By contrast our approach (SMRT amplicon sequencing and knock-knock software) allow experimenters to relate editing conditions with genotypic outcomes, potentially allowing for the optimization towards specific genotypic profiles. While SMRT sequencing has long been recognized as a powerful genotyping approach 35 , recent advances in SMRT technology now enable both higher accuracy in consensus base calling (allowing for a dissection of repaired alleles at nucleotide resolution) and higher throughput 16 . Note that to profile small edits or insertions, Illumina amplicon sequencing (up to 600bp length on a paired-end MiSeq run) might also be appropriate -this is especially relevant for ssODN donors, where incomplete integrations dominate so that short amplicon lengths might still be able capture the whole diversity of integration events. For all applications, our open-source knock-knock package enables the precise profiling of DNA repair with great flexibility in experimental design.
Altogether, the strong dependence of knock-in profiles on cell-and donor-types calls for a much more exhaustive analysis of experimental conditions than the scope of a single study permits.
From a practical standpoint, the choice of donor-type for a specific application will have to balance both efficiency and precision of integration. From our current data (Suppl. Figure 5 ), we think that ssODN donors are an attractive option for the integration of small payload (especially given that they require no preparation) while PCR donors (potentially using 5' end modifications) might be advantageous for larger knock-ins. It would be very interesting to test whether HDR precision can be further optimized by forms of donors we did not test here. Viral-based donors are an attractive possibility. For example, recombinant adenovirus donors have been found to prevent concatemerization of knock-in integration on the basis of their 5' covalent linkage with endogenous terminal proteins 21 ; whether these can also prevent other forms of mis-integration remains to be tested. Finally, while we only profiled DSBs triggered by the classical S. pyogenes Cas9 system, a whole arsenal of designer nucleases is now available (including different Cas proteins, nickases, modified Cas and non-Cas systems), complemented recently by knock-in strategies that do not require DSBs 36-38 .
We anticipate that the interactive exploration of editing outcomes enabled by knock-knock will be broadly applicable to understanding how these different approaches might shape different repair outcome profiles. Overall, our study highlights a complexity of competing pathways at play for the integration of payload in genome editing experiments and paves the way for a more complete elucidation of the underlying cellular mechanisms. It will be fascinating to see whether "surgical" adjustments of cellular factors (e.g. inhibiting or activating endogenous repair pathways) or of experimental conditions (e.g. specific donor types or nucleases) will enable the optimization of precisely templated knock-in integration for both research and clinical applications. B   3  5  9  15  20  3  5  9  15  20  3  5  9  15  20  3  5  9  15  20  minimum subread passes  minimum subread passes  minimum subread Bioanalyzer capillary electrophoresis (E) shows that control ssODN include a collection of truncated synthetic products, which can be separated out by gel purification. However, the presence of truncated synthetic products in ssODNs preparations does not explain the complexity of integration outcomes seen in HEK293T or iPSC, as both full synthesis and gel-purified products give rise to very similar integration outcomes (F, showing mean + standard deviation from 3 independent replicate experiments). Similarly, the pattern of microhomology at non-HDR junctions is the same regardless of gel-purification (G, BCAP31 GFP11 integration in HEK293T, showing mean + standard deviation from 12 and 9 replicates for full synthesis and gel-purified preparations, respectively). 
Materials and Methods
From "Deep profiling reveals substantial heterogeneity of integration outcomes in CRISPR knock-in experiments" Canaj, Hussmann et al. 2019
Construct sequences
Sequences for all synthetic constructs, primers, HDR templates and gRNA spacers used are found in Suppl. table 1. Full HDR templates sequences are also provided in Genebank (annotated) and FASTA (unannotated) formats in Suppl. Folder 1.
Cell culture

HEK293T
HEK293T cells were cultured in high-glucose DMEM supplemented with 10% FBS, 1 mM glutamine and 100 µg/mL penicillin/streptomycin (Gibco). HEK293T cells constitutively expressing a GFP1-10 construct were prepared as in 1 . All cell lines were mycoplasma-free and routinely tested. (STEMCELL Technologies Cat#72304). Cells were subsequently spun down at 300 rcf for 5 minutes and resuspended in media supplemented with Ri, then counted on a cytoFLEX Flow Cytometer (Beckman Coulter). 160,000 cells were seeded in a T25 flask for a 3-day passage or 80,000 cells for a 4-day passage. Media was changed to fresh media without Ri 24 hours after passaging. All cell lines were mycoplasma-free and routinely tested.
To generate a WTC11 line constitutively expressing GFP1-10, TALEN-based knock-in of a CAG promoter-GFP1-10 expression cassette in the AAVS1 safe harbor locus was performed as described in 2 . A clone was isolated, genotyped for correct insertion at the AAVS1 locus and cytogenic analysis by G-banding was performed to verify its normal karyotype (Cell line Genetics).
mESC
The mESC line LF2 and its derivatives were routinely passaged by standard methods in KO-DMEM, 10% FBS, 2 mM glutamine, 1X non-essential amino acids, 0.1mM b-mercaptoethanol and recombinant leukemia inhibitory factor.
RNP electroporation
HEK293T
Cas9/sgRNA RNP complexes were prepared following methods by Lin, Staahl et al. 3 
Nucleic acid purification with magnetic beads.
Magnetic beads for nucleic acid purification were prepared as in 5 For applications where very large amounts of nucleic acid have to be purified (for example:
after in-vitro transcription of long RNA sequences), the stock concentration of magnetic resin in precipitation solution can be increased 3-fold (ie. use 3mL of carboxylate-modified magnetic bead solution for 50mL final working stock).
HDR donor preparation
Short ssODN donors
Short ssODN GFP11 donors templates (Ultramer, <200nt) were purchased from IDT DNA. 
For Illumina data: reconstructing full reads from paired-end runs
Before generating alignments to reference sequences, Illumina data is preprocessed by stitching together each overlapping read pair into a single sequence. This is done by aligning R1 to the reverse complement of R2 after prepending the expected Illumina sequencing primers to each read. Read pairs for which a confident overlapping region can be identified are stitched together, with the higher quality read base retained for any position in the overlapping region at which the two reads disagree.
Read pairs for which no confident stitching alignment can be identified (either because the amplicon was longer than the combined length of the read pair, or because sequencing errors introduced too many discrepancies between R1 and R2) are retained and processed separately. given read by both stages are collected and passed into the categorization process.
Categorization
Categorization for a given read begins with a set of local alignments identified by several different alignment strategies. knock-knock examines the relative positioning of these alignments on the read and on the various reference sequences to place the read into one of several categories, each of which can have one or more subcategories. For a complete delineation of the decision tree, see the source code of Layout.categorize() in knock-knock/layout.py.
Alignments are first refined by splitting each alignment into multiple smaller local alignments at any large insertion or deletion or any cluster of high total edit distance in a short window. (Large insertions and deletions are defined to be greater than or equal to 3 nts for Illumina data or greater than or equal to 5 nts for PacBio data. A high edit distance cluster is defined to be more than 5 edits in an 11nt window for Illumina data; high edit distance windows are not split at for Pacbio data).
Alignments are further refined by making allowances for irregularities that may be present in primer sequences as a result of imperfections in primer synthesis or in priming specificity. First, because oligonucleotide primers frequently contain 1nt deletions, initial alignments to primer regions may be incorrectly truncated if there aren't enough matching bases after the deletion to offset the scoring penalty of the deletion. To correct these truncated alignments, if any alignment ends close to but not at a read end, it is repeatedly extended by including a 1nt deletion and any subsequent matches between the read and reference past this deletion until reaching a potential deletion that would not expose any additional matches. Second, if the set of alignments produced by this process does not cover either end of the sequencing read, each uncovered edge is re-aligned to the expected amplicon primers using a custom Smith-Waterman implementation. This allows detection of chimeric sequences produced by off-target amplification of unintended regions of the targeted genomic by the amplicon primers.
After refining alignments, a read is checked for primer-containing edge alignments: alignments to the targeted sequence that include one of the amplicon-primer-binding regions and extend to within 10nt of one end of the read. (Note that a single alignment can be a primer-containing edge alignment for both primers if it covers the entire read). If there exist primer-containing edge alignments for both amplicon primers that are in the same orientation and cover opposite ends of the read, the read is considered to have a well-formed layout. If not, it is categorized as 'malformed layout'. Subcategories of 'malformed layout' are 'too short', consisting of reads less than 50nt long that are typically interpreted as primer-dimers; 'no alignments detected'; 'extra copy of primer', consisting of read for which there are multiple disjoint alignments to at least one of the amplicon primers, typically as a result of incorrect PacBio CCS formation; `missing a primer`, consisting of reads for which at least one of amplicon primers did not have any alignments that contained it; and `primer far from read edge` and `primers not in same orientation`, consisting of reads for which alignments to primers were not positioned as expected on the read or oriented as expected.
For well-formed layouts, the extent of the read covered by the primer-containing edge alignments is then computed. If the entire read is covered, there was no integration event. For wellformed reads with no integration, if the primer-containing edge alignments are not the same single alignment, the two alignments are joined with a deletion and merged into a single alignment. If the single alignment spanning the two amplicon primers doesn't contain any indels within 10nt of the expected cut site, the read is categorized as 'WT'. If a single spanning alignment contains a single insertion or deletion within 10nt of the cut site, the read is categorized as a 'simple indel', with subcategories 'insertion', 'deletion <50nt', and 'deletion >=50nt'. If a single spanning alignment contains multiple indels within 10nt of the cut site, the read is categorized as 'uncategorized' with subcategory 'multiple indels near cut'. If a single spanning alignment contains a mismatch between the read and target genome with 10nt of the cut, the read is categorized as 'uncategorized' with subcategory 'mismatch(es) near cut'.
If primer-containing edge alignments do not cover the whole read, there is integrated sequence to be accounted for. The portion of the read not covered by the primer-containing edge alignments is called the integration gap. If a distinct alignment to the target sequence within 500nt of the amplicon primers covers the integration gap, the read is categorized as 'complex indel' with subcategory 'templated insertion'. If the integration gap is mostly covered by a single alignment to a homologous donor sequence, with at most 10nt total of gap uncovered and with no large indels in the donor alignments, the gap is considered to be covered by the donor and the junctions between the primercontaining edge alignments and the donor alignment are examined to further classify the integration (see below). If multiple disjoint alignments to the donor collectively cover the integration gap, these alignments are examined to see if they consist of concatamerizations of the donor sequence. If all junctions between donor alignments in the integration gap extend to within 1nt of the edge of the donor sequence and leave at most 2nt of unexplained read sequence between the donor alignments, the integration is flagged as a donor concatemer and sent to target junction classification (see below).
If neither of these conditions is met and there exists any alignment to a non-homologous donor sequence that overlaps the integration gap, the read is categorized as 'non-homologous donor'. If a single non-homologous donor alignment leaves at most 2nt of the integration gap unexplained, the read has subcategory 'simple', otherwise it has subcategory 'complex'. If neither primer-containing edge alignments extends at least 20nt past the primer and the entire integration gap is covered by a single alignment to the targeted genome that is not within 500nt of the amplicon primers, the read is interpreted as being produced by nonspecific binding of the amplicon primers to unintended alternative locations in the target genome, and the read is categorized as 'malformed layout' with subcategory 'nonspecific amplification'. If at least one primer-containing edge alignment does extend substantially past the primers and the integration gap is covered by a single alignment to the target genome far from the amplicon primers, the read is interpreted as integration of distal genomic sequence, and the read is categorized as 'genomic insertion'.
For reads with integration flagged as from a single or concatemerized homologous donor, the junctions between the donor alignment(s) and the on each side are separately analyzed. If the target sequence cleanly transitions to donor sequence at a junction, with one full length copy of the relevant homology arm present in the read and with no indels greater than or equal to 3 nts long within the first nts of the donor sequence past the homology arm, the junction is classified as a clean handoff. If the junction is not clean and the donor alignment extends all the way to within 1 nt of an edge of the donor sequence, the junction is classified as blunt. Otherwise, the junction is classified as imperfect.
A read with a single integration gap donor alignment with clean handoffs at both junctions is categorized as 'HDR'; with at least one blunt junction is categorized as 'blunt mis-integration', with a subcategory that records which of the two junctions is blunt; with one junction that is a clean handoff and the other that is imperfect as 'incomplete HDR', with a subcategory that records which junction is clean and which is imperfect; and with any other combination of junctions as 'complex misintegration'. A read with a concatemer integration is classified as 'concatenated mis-integration' with a subcategory that describes the two junctions, unless the donor is a plasmid, in which case concatamerization indicates alignments that collectively cross the arbitrary point at which the circular plasmid sequence was linearized to create the donor reference sequence. In this case, the read is categorized as 'incomplete HDR'.
Reads that do not satisfy any of these conditions but have any alignment to a donor sequence that overlaps the integration gap are categorized as 'complex mis-integration'. All other reads are categorized as 'uncategorized'.
